ABSTRACT This paper presents a multi-physics modeling of a switched reluctance motor (SRM) drive system. The proposed framework includes a 2-D finite element model to simulate the magnetic field characteristics, and a multi-physics mechatronic model to simulate its electric field and controller properties. The obtained magnetic characteristics are used in the analytical modeling in the form of a lookup table. Dynamic performance parameters for SRM are directly calculated from the co-simulation platform. Current, torque, flux, and radial force under various operational conditions can then be simulated to evaluate the dynamic performance of a switched reluctance drive system. The control algorithm is then realized based on the co-simulation platform. Methodology to evaluate the dynamic performance for the SRM is shown in this paper. A three-phase 12/8 1.5 Kw SRM is used in this paper. Static magnetic characteristics and dynamic performance parameters for the SRM are shown and discussed in this paper.
I. INTRODUCTION
Switched reluctance motor (SRM) embraces the superiority of simple construction, high robustness, and low cost compared with other kinds of motors [1] , [2] . Researches about SRM are increasingly focused on the improvement of its performance: torque ripple, efficiency, vibration and noise, etc. [3] - [8] . Several indices are used to evaluate these performance directly or indirectly. The torque which can be calculated or simulated is regarded as a performance index directly. Efficiency can be evaluated by system loss based on the flux density [5] , [6] . The magnetic radial force is proved to be the predominant factor to induce a vibration [9] . Its prediction and suppression can be realized from a landscape of the study of magnetic radial force [8] , [10] .
Both the experiment-based method and simulation-based method can be adopted to analyze SRM's performance indices [11] - [17] . A 50-KW prototype motor is built in [11] for torque improvement verification. A comprehensive evaluation of the dynamic performance of a 10/6 SRM is carried out in [12] . A three-phase 12/8 SRM is built for torque minimization verification in [13] . Establishment of experimental setups is time-consuming and cumbersome. The trial and error cost is huge, since it may need several versions to obtain the desired performance. In addition, only one performance parameter, namely torque, can be measured directly from the experimental-based method. Other parameters such as flux density, magnetic radial force, can not be obtained in this way. Therefore it can not improve the SRD system performance by the optimization of the system parameters with the experiment-based approach. A Finite Element Model (FEM) is constructed in [14] to verify a new-designed SRM, and only the static magnetic characteristics of torque, inductance and flux density profiles are obtained from the model. A MAT-LAB model to simulate a 6/4 SRM is described in [15] , and its dynamic performance is presented from its linear model to the nonlinear model. With the prior data used in this model, the result can not depict the practical dynamic operation condition. Vibration prediction is realized in [16] and [17] through multi-physics simulation. Both of them only include circuit simulator and 2-D FEM SRM model, and lacking in controller simulator to simulate control algorithm. It is necessary to establish a method that can evaluate the SRM's performance indices in a comprehensive way under practical operational conditions. The motivation of this paper is to propose a multiphysics analysis methodology for SRM drive system with comprehensive static or dynamic performance parameters. With controller simulation realized in Matlab/Simulink soft-ware, various control algorithms can be tested. Simplorer establishes the converter circuit deriving from the practical condition. Two dimensional magnetic model constructed in Maxwell considers the material nonlinearity to obtain a real and effective magnetic characteristic. With the signal information transformed between the software in real-time, the modelling method can simulate real world operational condition, which offers a platform to improve SRM drive system performance. Both control strategies and design optimization can be realized on the simulation platform.
This paper is structured as follows. In section II, a practical SRM drive system and its control is introduced. In section III, the establishment of the multi-physics model and simulation methodology is presented. In section IV, results obtained from the simulation system for a 12/8 1.5 KW SRM is given and discussed. 
II. CONTROL OF SRM DRIVE SYSTEM
A 12/8 pole three-phase SRM drive system with asymmetrical half bridge converter is shown in Fig.1 . The value of the current flowing through the SRM winding is regulated by switching on or off IGBTs. Phase control is realized by changing the function modes of two IGBTs. There are three function modes including charging, freewheeling and discharging. The phase current flow path is shown in Fig.2 . When S1 and S2 are both turned on, the currents flows through S1 and S2 with positive voltage, the energy is supplied to the phase winding. Keeping S1 on and turn off S2, the current circles with zero voltage. When S1 and S2 are both turned off, the current flows through D2 and D1 and energy flows back to power supply. Whatever control strategies are adopted, current regulation is implemented with state conversion between the three modes.
A SRM drive system based on DSP is adopted in this paper as depicted in Fig.3 . The TMS320f2812 DSP chip of TI is used. It has PWM generation units and can produce 12 PWM signals. The input analog signals of voltage and current are converted to digital signals through A/D converter modules. The reference velocity is set by a control handle, while the real velocity is detected by the encoder and decoded based on the capture unit. Velocity and current control algorithm is executed to generate PWM signals, which is transferred to converter to control the turn on and off of IGBT. With the system parameters acquired from sensors and control algorithms to attain certain performance index depend on the parameters, a closed-loop control of the SRM is accomplished.
III. MULTI-PHYSICS MODELLING FOR SRM A. SRM CHARACTERISTICS EQUATIONS
The instantaneous voltage on a phase of the SRM is related to the flux linkage and the current passing through the coil by Faradays law.
where U k is the terminal voltage,i k is the phase current, R s is the phase resistance, and the index k = 1, 2, . . . , m represents the phase number,
The instantaneous torque is calculated by the change rate of the co-energy with rotor angle displacement,
The mechanical behavior of the SRM follows the kinematic law, where ω is the motors angular velocity, J is the rotational inertia, t k is the torque of phase k, T L is the load torque, B is the damping factor.
Equations (1)- (3) represent the SRMs mathematical model and explain the relationship between electric, magnetic and mechanical motion, which lays a basis for further study of its performance.
B. SIMULATION PLATFORM FOR SRM DRIVE SYSTEM
A multi-physics based co-simulation platform for the SRM control system using Matlab/Simulink-Simplorer-Maxwell is represented in Fig. 4 . Matlab/Simulink is used to simulate the controller. The main control parameters include voltage, turn on angle and turn off angle. The proper selection of these control parameters is the key factor to realize optimal control of SRM. Velocity controller is constructed by the existing blocks in the Simulink library. Commutation algorithm and current controller are realized in IGBT1 and IGBT2 modules which are programed using S-function block. And the connector module is used for data communication between Simulink and Simplorer.
Software Simplorer is used to simulate inverter and load. The asymmetric half bridge circuit is applied for converter to realize the drive for each phase. Mechanical parameters such as rotational inertia and load is simulate in this module as well. Connector embedded in Simplorer realizes data transmission between each software.
Geometry parameters as listed in table.1 and material coefficients are presented in Maxwell to simulate the SRM body itself. Despite the parameters listed in the table, local modification of structures generated from actual manufacturing should be considered. Stator card slot to fix insulation spacer and slot for installation are considered. Stator and rotor are laminated by silicon steel. Though the modelling of stator, rotor, winding and district between these areas, and material setup, and finite element mesh generation, a 2-D finite element model for the SRM is accomplished. There are three control modes depending on different control parameters, i.e. Angular Position Control (APC), Current Chopping Control (CCC) and Voltage Control (VC). In a practical application, these three control modes are used in combination because single control strategy may not produce the satisfying performance. A Hysteresis CCC is adopted in this paper to validate the practicability of the co-simulation system. A flow chart of Hysteresis CCC realization is shown in Fig. 6 . Rotor position data is compared with the turn on and turn off angles that are given manually. When the switch is turned on, the phase current will increase. If the difference from actual current to reference current is higher than a threshold, both IGBTs will be turned on, and the converter changes to charging mode. If the difference from reference current to actual current is higher than the threshold, both IGBTs will be turned off, and the converter works at the discharging mode. If the absolute value of difference from reference current to actual current is lower than the threshold, one of the IGBT will be turned off and the other one will keep turning on, then the converter works at thr freewheeling mode. The phase currents are recalculated by the 2-D finite element model and transmitted to Simulink for a new iteration. Then the actual operational conditions can be effectively simulated by the co-simulation system.
IV. SIMULATION RESULTS

A. STATIC MAGNETIC CHARACTERISTICS
Static magnetic characteristics for a single phase simulated from the system are shown in Fig. 7 . The flux profile versus various currents from unaligned positing to the aligned position is shown in Fig. 7 (a) . As the figure shows, the flux VOLUME 5, 2017 is linear near the unaligned positon and nonlinear near the aligned position. The flux saturates faster as it is closer to the aligned position. The inductance is minimum when the rotor and the stator are in the unaligned position, while it reaches the maximum at the aligned position. Fig. 7 (b) illustrates the inductance profile. The inductance is minimum when the rotor and the stator are in the unaligned position, while it reaches the maximum at the aligned position. The inductance profile lays the basis for the commutation strategy, because SRM always operates from the minimum inductance position to the maximum inductance position. The phase winding is excited near the unaligned position to reach a desirable current quickly and cut off before the aligned position to avoid a negative torque. Torque and radial force versus currents and positions are illustrated in Fig. 7 (c) and (d) respectively. The torque file proves that position range from 8 to 15 generates the peak torque. The torque approaches near zero both around aligned and unaligned position. Two or more phases are need to be excited simultaneously to reduce torque ripple. The radial force profile explains why it is the main factor to induce vibration in the SRD system. The radial force is almost zero near the unaligned position and increases to the maximum value as position rotates to the aligned position. Since the control strategy usually turns off the previous phase near the aligned position and turns on the next phase near the unaligned position, the radical force changes from the maximum value to nearly zero at an instant, which induces vibration. All the profiles shown in Fig. 7 can also be used in an analytical model for performance analysis or experiments validation.
The hysteresis CCC control method is used for the multiphysics co-simulation system. The reference current is 3 A, and the hysteresis band is [2.8A, 3.2A]. The turn on angle is 5 • , while the turn off angle is 21.5 • . The turn on and off angles remain constant during the simulation process. The simulation time is 100 ms and the obtained results are shown in Fig. 8 . The three phase currents of the SRM are illustrated in Fig. 8 (a) . Inductance is shown in Fig. 8(b) , while the three-phase radial force is shown in Fig. 8(c) . The sum torque of the SRM is shown in Fig. 8(d) . As illustrated from the current profile, the current can be regulated near the reference current. The current shape has the obvious property caused by current chopping control. The maximum current values exceed the hysteresis ceiling for large simulation step size of 10 µs in this paper. There are electronic components in the actual circuit to consume power, which limits the rising rate in the practical situation. And the sum torque is also kept near a constant of 0.4 N · m. The ripple of the torque is induced by the current ripple. The selection of turn on angle and turn off angle for phase winding ensures the stability for the sum torque. There are no large fluctuations among commutation sections. As the radial force profile shows, fluctuations in current bring fluctuation in radial force. Switching frequency contributes the main harmonic components in radial force, which induce vibration of the SRD system. As described above, a comprehensive performance indices can be obtained by the system, and it is a very effective way to simulate practical operational conditions without the cumbersome experiment works.
V. CONCLUSION
A control simulation modeling and simulation technique for switched reluctance motor drive system is presented in this paper. It can simulate the situation of SRM drive system under real world operational conditions. Static magnetic characteristics and dynamic performance indication can be obtained from the simulation platform. Various design and control parameters can also be evaluated and optimized using the multi-physics modelling system. It is a very effective way to analyze and evaluate the performance of SRD system which provides the basis for improving its system performance.
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